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ABSTRACT
The cosmological constraining power of modern galaxy cluster catalogs can be im-
proved by obtaining low-scatter mass proxy measurements for even a small fraction of
sources. In the context of large upcoming surveys that will reveal the cluster popula-
tion down to the group scale and out to high redshifts, efficient strategies for obtaining
such mass proxies will be valuable. In this work, we use high-quality weak lensing and
X-ray mass estimates for massive clusters in current X-ray selected catalogs to revisit
the scaling relations of the projected, center-excised X-ray luminosity (Lce), which
previous work suggests correlates tightly with total mass. Our data confirm that this
is the case, with Lce having an intrinsic scatter at fixed mass comparable to that of
gas mass, temperature or YX. Compared to these other proxies, however, Lce is less
susceptible to systematic uncertainties due to background modeling, and can be mea-
sured precisely with shorter exposures. This opens up the possibility of using Lce to
estimate masses for large numbers of clusters discovered by new X-ray surveys (e.g.
eROSITA) directly from the survey data, as well as for clusters discovered at other
wavelengths with relatively short follow-up observations. We describe a simple proce-
dure for making such estimates from X-ray surface brightness data, and comment on
the spatial resolution required to apply this method as a function of cluster mass and
redshift. We also explore the potential impact of Chandra and XMM-Newton follow-
up observations over the next decade on dark energy constraints from new cluster
surveys.
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1 INTRODUCTION
Measurements of observable quantities that correlate tightly
with total mass, i.e. that function as effective low-scatter
proxies, can significantly boost the cosmological constrain-
ing power of galaxy cluster surveys (Wu et al. 2010; Allen,
Evrard, & Mantz 2011). Key considerations are the intrin-
sic scatter in the mass proxy at fixed true mass and the
observing resources required to measure the proxy.
Among X-ray mass proxies, total X-ray luminosity is
the most straightforward to measure, requiring (in addition
to the cluster redshift) only tens of source counts, and comes
“for free” from surveys which identify clusters through their
X-ray emission. Other proxies such as gas mass and temper-
ature require hundreds to thousands of X-ray source counts,
but have a smaller intrinsic scatter than total luminosity.
⋆ E-mail: amantz@slac.stanford.edu
While the relatively large (∼ 40 per cent) scatter in total X-
ray luminosity at fixed mass limits its utility as a mass proxy,
it has been recognized that X-ray luminosity measured in
an annulus, excluding the cluster center, has a significantly
smaller intrinsic scatter, while retaining the attractive sim-
plicity of a luminosity measurement (e.g. Maughan 2007;
Zhang et al. 2007; Pratt et al. 2009; Mantz et al. 2010,
2016a).
Physically, the reason why excising cluster centers re-
duces the intrinsic scatter is easy to understand. The in-
tracluster medium shows great variation in cluster centers,
primarily driven by the development of bright, dense “cool
cores” of gas, associated with sharp density and surface
brightness peaks and reduced temperatures, in a fraction of
the cluster population (e.g. Fabian et al. 1994; Markevitch
1998). In contrast, the gas density and temperature pro-
files outside of cluster centers are remarkably similar (e.g.
c© 2017 The Authors
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Vikhlinin et al. 2006; Allen et al. 2008; Croston et al. 2008;
Pratt et al. 2009; Mantz et al. 2016a).
For massive (hot) clusters, the soft X-ray
bremsstrahlung emissivity, and the associated K corrections,
are nearly independent of temperature. For concreteness,
we define the “soft” X-ray band to be 0.1–2.4 keV (rest
frame), and “hot” temperatures to mean >∼ 4 keV; the
important general features here are that bremsstrahlung
continuum emission dominates over line emission for a
“hot” source, and that the (redshifted) exponential cut-off
of the bremsstrahlung spectrum falls outside of the “soft”
energy band (see more detailed discussion in Section 4.3).
In the appropriate regime, the soft-band surface brightness
can thus be considered a relatively simple function of
the gas density, with similarity in density profiles outside
cluster centers translating into a small intrinsic scatter in
both center-excised soft-band luminosity (hereafter Lce)
and integrated gas mass (Mgas). In this context, a key
difference between Lce and Mgas is that the former is
a straightforward integral of the projected, K-corrected
surface brightness in a given annulus, which is dominated
by the region where the brightness is highest, usually the
smallest radii in the annulus of integration. In contrast, the
gas mass within a sphere is a volume-weighted integral, and
is thus dominated by the largest radii in the integration,
where the signal-to-noise is typically lowest. Furthermore,
estimating Mgas within a sphere requires knowledge of the
gas profile at yet larger radii, so that projected emission
can be accounted for.
While center-excised temperature measurements have
become common for mass estimation (e.g. Kravtsov et al.
2006; Vikhlinin et al. 2009), the same cannot be said for Lce.
Yet, the existing evidence points to Lce being potentially a
useful, not to mention relatively cheap, mass proxy. To the
extent that density profiles outside of cluster centers are self-
similar, the intrinsic scatter in Lce should be comparable to
that of Mgas and temperature (∼ 10–15 per cent). For per-
fectly similar profiles measured with high signal-to-noise, it
would provide identical information toMgas. In practice, us-
ing a signal that is most sensitive to relatively small radii
(while still excluding the core) is an advantage, because the
impact of the X-ray background and the likelihood of hav-
ing limited azimuthal coverage of the cluster (at relatively
low redshifts) both increase with radius. Similar comments
apply to the comparison of Lce and temperature, the latter
being more sensitive to background modeling than either lu-
minosity or gas mass. In addition, cross-calibration studies
indicate good agreement in soft X-ray flux measurements
between Chandra and XMM-Newton, whereas temperature
measurements for hot clusters with these two workhorse tele-
scopes remain discrepant (Tsujimoto et al. 2011; Schellen-
berger et al. 2015).
Motivated by these considerations, we revisit in this
work the Lce–mass scaling relation, using a relatively large
sample of massive clusters for which we have high quality X-
ray and/or weak gravitational lensing mass estimates. Sec-
tion 2 describes these data, while Section 3 presents the
scaling relations linking Lce to gas mass and total mass, as
probed by weak lensing. In Section 4, we outline the pro-
cedure for applying the Lce–mass relation to obtain mass
estimates of new clusters, address the applicability of Lce
(and center-excised measurements in general) in the context
of the spatial resolution provided by current and planned X-
ray observatories, and discuss the potential of Lce observing
programs to boost cosmological constraints from clusters.
We conclude in Section 5.
We define the characteristic radius and mass of a cluster
in the conventional way, with respect to the critical density
at its redshift,
M∆ =
4pi
3
∆ρcr(z)r
3
∆, (1)
with ∆ = 500. For brevity of notation, we will forgo sub-
scripts “500” for mass, Mgas, etc., but all quantities mea-
sured in this work are referenced to r500. We assume a flat
ΛCDM cosmology with parameters H0 = 70 km s
−1Mpc−1
and Ωm = 0.3 throughout.
2 DATA
Our data set consists of 139 clusters with Chandra X-ray
follow-up observations, originally selected from the ROSAT
All-Sky Survey (RASS). The Chandra data, occasionally
supplemented by ROSAT PSPC surface brightness infor-
mation, are used to extract integrated observables such as
gas mass, average temperature, and total X-ray luminosity,
which are known to correlate with total mass, with differ-
ent amounts of intrinsic scatter. The analysis of these X-ray
data, and their scaling relations with mass, is described in
detail in Mantz et al. (2016b, hereafter M16). Here we con-
sider an additional mass proxy, Lce. To be precise, this refers
to the intrinsic (unabsorbed), rest-frame 0.1–2.4 keV band1
X-ray luminosity of a cluster, projected within an annular
aperture with an inner radius of 0.15 r500 and an outer radius
of r500. The particular choice of inner radius is intended to
comfortably exclude the variability observed in cluster cen-
ters (e.g. Mantz et al. 2016a); we comment on the use of
larger excluded regions in Section 4.2.
In addition, we use mass estimates from weak gravita-
tional lensing data for 50 clusters from the Weighing the
Giants project. The analysis of the lensing data, extraction
of mass estimates, and accounting for systematic uncertain-
ties are discussed by von der Linden et al. (2014), Kelly et al.
(2014) and Applegate et al. (2014).
To determine r500 for each cluster, we adopt a fidu-
cial value of the integrated gas mass fraction at this radius,
Mgas(< r500)/M(< r500) = 0.125, based on the Mgas–M re-
lation from M16. Statistical uncertainties on the gas mass
profiles, and measurement correlations among the various
observables, are propagated through this procedure to our
final results. This includes the correlation induced directly
by the determination of and uncertainty in r500, which de-
termines the measurement aperture for each quantity.
1 The exact choice of energy band is somewhat arbitrary. While
the 0.1–2.4 keV band provides continuity with luminosity mea-
surements going back to the RASS, similar bands that have been
used in the literature are in principle equally useful for our pur-
poses. In our results (Table 1), we also provide scaling relations
appropriate for the commonly used 0.5–2.0 keV band.
c© 2017 The Authors, MNRAS 000, 1–9
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Figure 1. Scaling relations of L (left, reproduced from M16) and Lce (right) with Mgas. Green lines and shading show the best-fitting
scaling relations and their 68.3 per cent probability predictive intervals, including intrinsic scatter. The offset between the best fit and
the data in the left panel is due to selection effects (see M16).
3 SCALING RELATIONS OF
CENTER-EXCISED LUMINOSITY
Our data allow us two routes to constraining the Lce–mass
relation. On one hand, we have both Lce and Mgas measure-
ments for > 100 clusters. M16 showed that Mgas and M
(calibrated from weak lensing) are tightly correlated, with
a power-law slope very near unity, M ∝ M1.007±0.012gas , for
the clusters in this sample. Simulations predict the intrin-
sic scatter in the Mgas–M relation to be small, <∼ 10 per
cent (Battaglia et al. 2013; Planelles et al. 2013; Barnes
et al. 2017), a feature which has been explicitly confirmed
for massive and dynamically relaxed clusters, where precise
total masses can also be derived from X-ray data (Mantz
et al. 2014, 2016a). We can, therefore, use the abundant gas
mass measurements to fit an Lce–Mgas relation (accounting
for the correlation in measurement uncertainties), and then
straightforwardly translate these constraints to an estimate
of the Lce–M relation. One non-trivial aspect of this ap-
proach is the indication, from relaxed clusters, of a strong
correlation in the intrinsic scatters of Lce and Mgas at fixed
mass (Mantz et al. 2016a); this is a direct consequence of the
near equivalence of Lce and Mgas for self-similar clusters.
While this will not affect the slope of the inferred Lce–M
relation, it does mean that any measured intrinsic scatter in
Lce|Mgas may underestimate the intrinsic scatter in Lce|M .
On the other hand, we have, for a smaller number of
clusters, measurements of both the total mass from weak
lensing and Lce. The statistical uncertainties on individual
weak lensing mass estimates are relatively large compared
to those ofMgas, as is the expected intrinsic scatter between
lensing-derived mass and true mass (Becker & Kravtsov
2011). Nevertheless, careful weak lensing mass estimates rep-
resent the current gold standard of absolute cluster mass
calibration (i.e., accuracy in the average). Our approach in
this section is, therefore, to fit the Lce–Mgas scaling relation,
as described above, and then to demonstrate the consistency
of this relation with the weak lensing mass estimates.
The expected self-similar scaling of Lce, following Kaiser
(1986), has the form
Lce ∝ E(z)
2+αβt M1+αβt ∝ E(z)2+αβt M1+αβtgas , (2)
where E(z) = H(z)/H0. Here βt is the power-law slope of
the temperature–mass relation (from M16, βt = 0.62±0.04,
consistent with the self-similar value of 2/3), and α ≈ −0.13
is the intrinsic temperature dependence of bremsstrahlung
emissivity, accurate for temperatures >∼ 3 keV, accounting
for the limited energy band in our definition of luminosity
(rest-frame 0.1–2.4 keV). Our baseline expectation can thus
be written in a simpler form,
E(z)−1Lce ∝ [E(z)M ]
γ , (3)
with γ = 1 + αβt ≈ 0.92 for βt = 2/3. The center-excised
luminosity, gas mass and lensing mass data are shown in
terms of this scaling in Figures 1 and 2, although we consider
a more general dependence on redshift and mass below.
We fit scaling relations to the data using a model that
includes a log-normal intrinsic scatter (i.e. a Gaussian distri-
bution in lnLce), accounts for the correlation between mea-
surement uncertainties, and marginalizes over a log-normal
distribution of the covariates (Kelly 2007; Mantz 2016). This
methodology does not explicitly account for selection effects
(e.g. Malmquist bias), but because the underlying data set is
X-ray flux limited, with the majority of the intrinsic scatter
in total X-ray luminosity being due to the core region that
is excluded from Lce (Mantz et al. 2016a), we do not expect
selection effects to significantly impact our results. Fitting
the simpler form of the Lce–Mgas relation from Equation 3,
we find
E(z)−1Lce
1045 erg s−1
= e(−1.081±0.010)
[
E(z)Mgas
1014M⊙
]0.979±0.019
. (4)
Note that the departure of the power-law slope from the self-
similar baseline is in the same sense (steeper), but smaller,
than that of the center-included luminosity scaling derived
from the same cluster sample (M16). The log-normal in-
trinsic scatter is consistent with zero, with a 95.4 per cent
confidence upper limit of 0.04. Figure 1 compares this best
fit, and its associated 68.3 per cent confidence predictive
interval, with the data, and highlights the dramatic reduc-
tion in scatter resulting from the center excision. Allowing
separate power-law dependences of Lce on E(z) and Mgas,
c© 2017 The Authors, MNRAS 000, 1–9
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Figure 2. Scaling of Lce with total mass from weak lensing.
Green lines and shading show the best-fitting scaling relation
and their 68.3 per cent predictive intervals (including the intrin-
sic scatter in lensing mass), where the scaling relation is that of
Figure 1 (right) with Mgas transformed to total mass using the
best-fitting Mgas–M relation from M16. All clusters with lensing
masses from Applegate et al. (2014), including some that are ab-
sent from the sample used to fit the scaling relation, are shown;
those that are used in the fit are circled.
Lce ∝ E(z)
γ1Mγ2gas, we find
Lce
1045 erg s−1
= e(−0.878±0.011)
[
E(z)
E(0.2)
](2.03±0.19)
(5)
×
[
Mgas
1014M⊙
]0.977±0.022
.
This is consistent with the simpler scaling in Equation 3; in
particular, γ1 − γ2 = 1.06 ± 0.20.
Using theMgas–M relation from M16, we can translate
Equation 4 to a scaling relation between Lce and total mass:
E(z)−1Lce
1045 erg s−1
= e(−0.86±0.04)
[
E(z)M500
1015M⊙
]0.99±0.02
. (6)
Figure 2 compares this relation with X-ray measurements of
Lce and weak lensing mass estimates; note that the predic-
tive interval shown accounts for a log-normal intrinsic scat-
ter of 0.17 in lensing masses (M16). To maximize the number
of clusters in the comparison, we include those which have
mass estimates from Applegate et al. (2014), even if they
are not in the X-ray flux limited sample used to fit the Lce–
Mgas relation. Whether or not one makes this distinction,
the scaling relation in Equation 6 is in excellent agreement
with the measured weak lensing masses.
While we can directly fit for the intrinsic scatter in Lce
at fixedMgas, inferring the scatter in Lce at fixed total mass
is more complex. For massive, relaxed clusters where to-
tal masses can be estimated from hydrostatic equilibrium,
Mantz et al. (2016a) found a strong correlation in the joint
scatters of Lce and Mgas at fixed mass (assuming a bivariate
log-normal form of the scatter), with ρ = 0.88+0.06−0.16 ; the same
study found an Lce–M power-law slope of 1.02 ± 0.09, in
excellent agreement with our current results. If the strongly
correlated scatter holds for the entire cluster population, our
measured scatter in Lce|Mgas will be smaller than the scatter
in Lce|M . Indeed, the same study of relaxed clusters found a
marginal log-normal intrinsic scatter in Lce|M of 0.17±0.05.
If we fit for the intrinsic scatter about the best-fitting Lce–
M relation using the weak lensing data (approximating the
statistical uncertainties in the lensing masses as log-normal)
the resulting scatter estimate is 0.15 ± 0.04. Both of these
scatter estimates contain contributions from other sources:
the former from the unknown scatter in hydrostatic mass
estimates for relaxed clusters, and the latter from scatter
in weak lensing mass estimates due to correlated large scale
structure (estimated to be 0.17± 0.06; M16, see also Becker
& Kravtsov 2011). Taken together, these lines of evidence
cannot straightforwardly put a direct constraint on the in-
trinsic scatter in Lce|M , but support a value in the range
0.1–0.2, with the lower bound given approximately by the
scatter in Mgas|M and the upper bound by the estimates
from hydrostatic and weak-lensing masses.
Note that the simple power-law behavior expected for
Lce (Equation 2) depends on the cluster temperature being
>
∼ 3 keV. At cooler temperatures (lower masses), as the lu-
minosity in soft energy band progressively approaches the
bolometric luminosity, we would expect a change in slope
of the Lce–M relation, although not necessarily an increase
in scatter. Use of the above scaling relations in this regime,
which is in any case an extrapolation beyond the data set
employed here, is therefore discouraged. At even lower tem-
peratures of <∼ 2 keV, we might also expect the scaling re-
lations to become more complex due to the appearance of
strong emission lines in the soft band, in addition to the rel-
atively greater role of complex feedback processes in these
less massive systems. Given the challenge of obtaining indi-
vidual mass measurements at low masses, the calibration of
Lce (and mass proxies in general) in this regime remains an
subject for future exploration. We discuss these and other
practical considerations further in Section 4.3.
For completeness, we also consider luminosity measured
in an annulus spanning radii of (0.15–1)E(z)−2/3Mpc. We
denote this luminosity LM07, since Maughan (2007) sug-
gested this annulus definition as one that approximates the
redshift dependence of r500 but lacks the dependence on
mass. Maughan (2007) found that using this annulus, as
opposed to (0.15–1)r500 , had negligible effect on the in-
ferred scatter in the center-excised luminosity–YX relation.
In the case of the LM07–Mgas relation, we find a scatter of
0.106 ± 0.015. The difference between this result and the
much smaller scatter obtained for the Lce–Mgas annulus is
consistent with our expectation of a strong correlation be-
tween Lce and Mgas at fixed mass (see above) due to the
similarity of gas density profiles at the relevant radii, which
the definition of LM07 does not take advantage of (though it
does eliminate the scatter in luminosity due to cool cores).
Note that this scatter constraint is not at odds with the
results of Maughan (2007), given the relative sizes of the
scatters in Mgas and YX found by M16.
4 DISCUSSION
4.1 Using Lce to Estimate Mass
In this section, we describe a straightforward procedure for
estimating r500 and M from X-ray data, given an Lce–M
scaling relation. We do not explicitly address statistical un-
c© 2017 The Authors, MNRAS 000, 1–9
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Figure 3. Projected aperture luminosity profile for Abell 1835.
The Lce-based r500 estimate is defined by the intersection of the
profile with the dashed, blue line (see Equation 7).
certainties in the scaling relation or the measured luminosi-
ties, but instead recommend propagating these by repeating
the procedure for many monte-carlo realizations of each.
The starting point for a mass estimate is an X-ray sur-
face brightness profile, ideally in a relatively soft energy
band. We use the observer-frame 0.6–2.0 keV band, which
is typical in the literature. To use Equation 6, the surface
brightness must be corrected for Galactic absorption and
converted to intrinsic (rest-frame) 0.1–2.4 keV band lumi-
nosity per unit solid angle. Both of these steps are, strictly
speaking, temperature-dependent spectral corrections. How-
ever, for clusters in the mass and redshift range of our sample
(i.e. where the Lce–M relation has been calibrated), the tem-
perature dependence is small enough to ignore, typically. In
a more thorough treatment, one could also straightforwardly
make use of an empirical temperature estimate (if available),
or consistently incorporate the temperature–mass relation
from M16.
At this point, it is straightforward to generate a pro-
jected aperture luminosity profile like the example shown in
Figure 3. As a function of radius, r, this profile is nothing
more than the surface brightness (in luminosity units) inte-
grated between radii of 0.15 r and r. While the qualitative
shape of the profile in Figure 3 is typical, we note that there
is great variety in the aperture luminosity profiles across
our sample, mostly driven by variety in the central surface
brightness of the clusters. In other words, despite the self
similarity of density profiles (outside cluster centers) and of
the Lce–M relation, there is not a widely applicable scaled
profile of aperture luminosity as a function of r/r500, as there
is for, e.g., Mgas. In extreme cases, for very diffuse clusters
with shallow central surface brightness profiles, the aperture
luminosity can even be flat or increasing at r500.
An estimate for r500 (and henceM) is obtained by find-
ing the intersection between the aperture luminosity profile
and aperture luminosity predicted by the fiducial Lce–M
scaling relation (the dashed line shown in Figure 3). Com-
bining Equations 1 and 6, we arrive at the implicit equation
Lce = L(r500)− L(0.15 r500) (7)
= AE(z)
[
2piE(z)ρcr(z)
3× 1012M⊙
r3500
]B
,
where A = (4.23± 0.17)× 1044 erg s−1 and B = 0.99± 0.02.
The original r500 estimates for our sample were arrived
at by following an analogous procedure, using the measured
gas mass profiles and the nominal Mgas–M scaling relation
from M16. Comparing the nominal r500 estimates from the
two techniques (that is, using the mean scaling relations
and measured profiles, without worrying about statistical
or parameter uncertainties, or intrinsic scatter), we find a
ratio of 0.99±0.03 (average and standard deviation). Radius
and mass estimates from Lce are thus highly consistent with
those from Mgas, as the tight scaling relation in Figure 1
requires.
4.2 Impact of the Telescope Resolution
From a practical standpoint, one of the essential differences
between using Lce and Mgas as mass proxies is that the
former is mostly determined by emission at relatively small
projected radii, while the latter is most heavily influenced by
the measured surface brightness at larger radii (∼ r500) and
requires relatively complex modeling (deprojection). This is
an advantage for Lce in some respects, namely the expo-
sure time required for a simple mass estimate and the abil-
ity to access the most important radii at all azimuths for
relatively low-redshift, massive clusters in a single field of
view. For distant or less massive clusters, however, we need
to consider whether a given telescope’s point spread func-
tion (PSF) can reliably permit the central portion of the
cluster to be excised. If not, photons leaked from cluster
centers can be expected to increase the intrinsic scatter in
Lce mass estimates. There are other practical implications
of PSF smoothing that we do not explicitly consider here,
most notably the greater challenge of identifying and mask-
ing contaminating point sources in lower resolution images.
To estimate the impact of the PSF, we consider as an
extreme case the cool core cluster hosting 3C 186, an X-
ray bright AGN in the central galaxy (Siemiginowska et al.
2010). At a redshift of 1.06, this is one of the most cen-
trally X-ray peaked massive clusters known at high red-
shifts. Based on the original Chandra image, we simulate
a suite of Lce measurements of morphologically equivalent
clusters with different redshifts and masses, observed with
various PSF sizes, and with various fractions of r500 excised.
In general, the PSF was assumed to be Gaussian in shape;
however, we verified that a Gaussian+beta model approx-
imation to the real XMM PSF produces very similar re-
sults in this case to a Gaussian with the same half energy
width (HEW). For centrally peaked sources such as 3C 186,
we find, intuitively, that the fractional contamination of the
center-excised luminosity depends on the ratio of the PSF
width to the size of the excised region, and not on the cluster
redshift or mass explicitly. For this test case, we find that
the ratio HEW/(xθ500) must be < 0.35 (0.40) to limit the
contamination of the Lce measurement to 5 (10) per cent,
where xθ500 is the inner angular radius of the Lce measure-
ment annulus (i.e., x is the fraction of r500 excised). Note
that these limiting values are a function of cluster morphol-
ogy, and in particular are larger (less restrictive) for less
extremely peaked systems.
At redshifts 1 <∼ z
<
∼ 2, where the angular diameter
distance changes relatively slowly with z, a maximum al-
lowed level of contamination translates to a maximum PSF
c© 2017 The Authors, MNRAS 000, 1–9
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Table 1. Parameters for scaling relations of the form
E(z)−1Lce/(1045 erg s−1) = eA
[
E(z)M500/(1015M⊙)
]γ
, where
Lce corresponds to the given rest-frame energy bands and annuli.
Band Annulus A γ
(keV) (r500)
0.1–2.4 0.15–1 −0.86± 0.04 0.99 ± 0.02
0.1–2.4 0.30–1 −1.49± 0.04 0.96 ± 0.02
0.1–2.4 0.50–1 −2.27± 0.04 0.96 ± 0.03
0.5–2.0 0.15–1 −1.32± 0.04 0.97 ± 0.02
0.5–2.0 0.30–1 −1.96± 0.04 0.97 ± 0.02
0.5–2.0 0.50–1 −2.75± 0.04 0.97 ± 0.03
size, with little residual dependence on cluster redshift. If we
adopt a limit of 5 per cent contamination for a 3C186-like
cluster (small compared with the expected intrinsic scatter
of Lce with mass), then our chosen excision size of 0.15 r500
requires a HEW <∼ 5
′′. Currently, such fine resolution is
only provided by Chandra (HEW < 0.5′′). To meet our con-
tamination requirement with XMM (HEW ≈ 15′′) over this
redshift range would require us to raise the excision radius
to x = 0.5. This comes at the cost of excluding a significant
fraction (∼ 75 per cent) of the flux in the 0.15–1 r500 an-
nulus for our toy model, although the larger effective area
of XMM compared to Chandra effectively compensates for
this; for more typical (less strongly peaked) clusters, XMM
would have an advantage in terms of the required observing
time even using this larger excision region. In the context
of future X-ray observatories, the most relevant PSF sizes
are those of eROSITA (HEW ∼ 15′′ for pointed observa-
tions, ∼ 30′′ when scanning), Athena (HEW ∼ 5′′), and
Lynx (HEW < 1′′).
Figure 4 shows the angular radii corresponding to r500
for our sample, which comprises the most massive clusters
at redshifts < 0.5, as well as for the most massive South
Pole Telescope (SPT) clusters out to higher z (Bleem et al.
2015). Also shown are curves corresponding to masses of
M500 = 10
13, 1014 and 1015M⊙. Dashed lines correspond
to the minimum cluster θ500 accesible (according to the re-
quirement above) to a telescope with a HEW of 5′′ or 15′′
(Athena-like versus XMM/eROSITA-like) with an excision
of x = 0.3, while dot-dashed lines show the same for an
excision of x = 0.5. In the context of z > 1 clusters specif-
ically, XMM and eROSITA will be able to measure Lce for
massive clusters by employing an excision radius of x ∼ 0.5.
Athena will have access to a larger range in mass, even with
a more modest excised region. Very high resolution observa-
tories such as Chandra and Lynx are essentially unrestricted.
At lower redshifts, especially z <∼ 0.5, all the observatories
considered here can access a wide range in mass.
Given the significant practical advantages of being able
to use XMM, and eventually eROSITA and Athena, for Lce
measurements at high redshifts, we list in Table 1 scal-
ing relation parameters corresponding to excision regions
of x = 0.3 and 0.5, in addition to 0.15. The table also in-
cludes fits where luminosity corresponds to the alternative
but commonly used rest-frame band of 0.5–2.0 keV.
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Figure 4. Left: values of θ500 are plotted against redshift for
our sample (filled circles), as well as for SPT clusters extending
to higher z (open circles). Solid lines correspond to masses of
M500 = 1013, 1014 and 1015M⊙, while horizontal lines show
the minimum values of θ500 for which Lce measurements are not
significantly contaminated for telescopes with HEWs of 5′′ and
15′′, and using excision regions of 0.3 r500 (dashed) or 0.5 r500
(dot-dashed).
4.3 Regime of Applicability
Several considerations impact the regime of redshift, tem-
perature, and mass where we can expect the scaling relations
given in Section 3 and Table 1 to provide a good description
of clusters. To begin with, the scaling relations reported here
are calibrated using high quality X-ray and weak lensing ob-
servations of clusters with massesM500 >∼ 3×10
14M⊙ (tem-
peratures >∼ 4 keV) at redshifts < 0.5. The good agreement
with relaxed clusters of similar masses out to z ∼ 1.1, for
which we have reliable hydrostatic mass estimates (Mantz
et al. 2016a), suggests that the scaling relations remain valid
for massive clusters at least out to these redshifts. To extend
their use to even higher redshifts and/or lower masses, addi-
tional gas mass and/or total mass measurements should be
obtained in order to verify that the scaling relations remain
valid.
More broadly, we can ask in what regime we theoreti-
cally expect the Lce–M relation to remain a simple power
law with small intrinsic scatter. One key requirement is the
approximate self-similarity of gas density profiles within the
luminosity measurement aperture. This property has been
repeatedly verified for massive clusters over a wide range in
redshifts. Going down to the group scale, we would gener-
ally expect the sphere of influence of a central AGN to be
larger relative to r500, potentially altering the mean scaling
relation and sourcing additional intrinsic scatter; however,
measurements of a constant gas mass fraction between r2500
and r500 (≈ 0.5–1 r500) by Sun et al. (2009) suggest that
Lce may remain well behaved for a sufficiently large excision
radius.
Another requirement for the scaling relation to remain
simple is that the emission in the band where Lce is defined
be dominated by bremsstrahlung. At temperatures <∼ 2 keV,
line emission plays an increasingly important role. In prin-
ciple, this contribution is predictable, and one could simply
c© 2017 The Authors, MNRAS 000, 1–9
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alter the power law expectation accordingly. However, the
dependence on a potentially complex metallicity structure
in poor clusters and groups likely introduces a significant
scatter.
A related consideration at high redshifts and/or low
masses (temperatures) is the ease of converting measured
count rates in the observer-frame to intrinsic luminosity in
the cluster rest frame. For kT/(1 + z) > 3 keV, the temper-
ature dependence of K corrections in the soft X-ray bands
generally used is small, making relatively shallow observa-
tions to obtain Lce a viable option for mass estimation. At
sufficiently low temperatures and/or high redshifts, however,
the bremsstrahlung spectral cut-off will be present within
the observer-frame energy band used to measure fluxes, at
which point the temperature dependence of the K correc-
tions can no longer be neglected. (At low temperatures, line
emission provides another source of temperature dependence
in the K correction.) Calculation of Lce in this regime thus
requires observations to be deep enough to measure temper-
ature, which provides a mass proxy in its own right. Depend-
ing on the cluster redshift and the instrumental background,
the required observations could also potentially provide gas
mass measurements. It remains to be seen whether Lce or
one of the other mass proxies, or some combination of them
(Ettori et al. 2012; Mantz et al. 2016a) is most efficient in
this regime.
4.4 Exploiting New Cluster Surveys
In the coming decade, new cluster surveys at X-ray, opti-
cal/NIR and mm wavelengths will vastly expand the pop-
ulation of clusters known. To obtain the tightest possible
cosmological constraints from these new catalogs, additional
data will be required to set the absolute cluster mass calibra-
tion (e.g. through weak lensing) and also to provide infor-
mation on the evolving shape of the mass function through
precise relative mass measurements. The latter task is where
mass proxies such as Lce can contribute, provided that their
scaling relations with mass and redshift are understood. In
this context, a low-scatter mass proxy that is straightfor-
ward to measure from relatively short X-ray observations
is potentially invaluable. For new X-ray surveys such as
eROSITA, Lce can be estimated directly from survey data
for many more clusters than other X-ray mass proxies such
as Mgas and temperature; by the same token, follow-up ob-
servations of clusters discovered in mm-wavelength and op-
tical surveys can be shorter if the target is to measure Lce
rather than the other proxies. For Sunyaev-Zel’dovich (SZ)
effect surveys especially, newly discovered clusters will tend
to have high temperatures, making them well suited to mass
estimates based on Lce (Section 4.3).
To provide a rough quantitative estimate of the impact
that follow-up observations with Chandra, XMM and/or fu-
ture X-ray telescopes might have, we use the Fisher fore-
casting code of Wu et al. (2010). The fiducial survey we
consider has a mass limit of 2 × 1014M⊙ and a redshift
range of 0.0 < z < 1.5 and covers 2000 sq. deg., finding
∼ 5500 clusters. This design is approximately modelled af-
ter the union of RASS and the SPT-3G surveys, but since
the forecasted improvement due to follow-up data is not very
sensitive to the details, the results are more broadly applica-
ble. A limitation that should be noted, however, is that this
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Figure 5. Predicted improvements in the dark energy FoM, for
a fiducial survey of massive clusters extending to high redshifts,
as a function of the number of clusters followed-up to provide
low-scatter mass proxies. The upper edge of the shaded region
corresponds to follow-up targets chosen to optimize the FoM,
while the lower edge corresponds to representative follow-up of
detected clusters. Both cases assume power-law scaling relations
with constant scatter. In practice, the best strategy would not
rely on such strong assumptions about the form of the scaling
relations, but would spread follow-up observations more evenly
in mass and redshift than representative sampling.
forecasting code assumes that the survey observable scaling
relation is modeled by a power-law in mass and redshift with
constant intrinsic scatter. In practice, more flexible scaling
models are likely to be applied to future large surveys, in
which case our simple forecasts will underestimate the value
of auxiliary mass proxy information.
Figure 5 shows predicted improvements in the dark en-
ergy figure of merit (FoM; Albrecht et al. 2006) as a function
of the number of follow-up mass proxy measurements with
15 per cent intrinsic scatter. The upper edge of the shaded
region corresponds to follow-up targets that are chosen to
optimize the FoM (assuming a power-law form for the scal-
ing relation and its evolution; see Wu et al. 2010), while the
lower edge corresponds to representative follow-up of the
survey. In the optimized case, roughly half of the targets are
relatively low-redshift, high-mass clusters of the kind that
already populate the Chandra and XMM archives and will
have high signal-to-noise in the eROSITA survey; hence, new
observations would focus on the relatively high-redshift and
low-mass clusters. Adopting a target of 100 source counts
in the 0.15–1 r500 aperture, and accounting for the mass
and redshift distribution of follow-up targets, the Chandra-
equivalent exposure time required is approximately 1Ms per
50 new cluster observations, with most individual exposures
in the 10–30 ks range.
Arguably the most beneficial follow-up strategy in
terms of the potential for discovery is not one that is op-
timized assuming a particular model for the cosmology and
scaling relations, as above, but rather one that spreads
follow-up observations throughout the interesting redshift
and mass range. The FoM improvement per target for such
an “evenly sampled” program would lie between the ex-
tremes represented by the optimal and representative follow-
up cases, i.e. order of magnitude improvements in the FoM
for ∼ 100–500 mass proxy measurements in total. In this
c© 2017 The Authors, MNRAS 000, 1–9
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context, we note that the exposure time required per 50
clusters uniformly distributed in redshift and log(M), for
0.3 < z < 1.5 and 1014 < M/M⊙ < 6×10
14 (i.e., the regime
not well represented in archival data), is again ∼ 1Ms with
Chandra, similar to the optimized case above. The rough
scale of a follow-up program like the one outlined here is
thus not too sensitive to the choice of targets, with Chandra-
equivalent investments of 3–5 Ms potentially producing or-
der of magitude improvements in the FoM with respect to no
follow-up for the fiducial SPT-3G case, scaling to ∼ 10Ms
spread over the next decade to enable more ambitious sur-
veys such as CMB-S4.
Inevitably, relatively short observations that are opti-
mized to measure Lce will produce less auxiliary astrophysics
per observation than the deeper exposures that have been
the norm to date. Nevertheless, there is science beyond cos-
mology that such observations would enable, such as the
evolution of cool cores (as identified by surface brightness),
cluster morphologies, and the identification of active galactic
nuclei (AGN) in and around clusters (given sufficient spatial
resolution e.g. Ehlert et al. 2013, 2014, 2015). Given that the
clusters that new surveys will uncover are, naturally, X-ray
fainter than those that have already been studied, it is rea-
sonable that the first systematic forays into this new regime
be focussed primarily on such basic measurements, with in-
teresting candidates for deeper exposures being identified
from these initial observations. In practice, deeper obser-
vations of a subset of clusters would be desirable in any
case, to verify that scaling relations among various X-ray
observables remain well behaved, as well as to exploit addi-
tional cosmological constraints from the gas mass fractions
of the most dynamically relaxed clusters identified (Allen
et al. 2013; Mantz et al. 2014). Together, these considera-
tions suggest that, in the near term, the most efficient follow-
up strategy will utilize the complementary strengths of both
Chandra and XMM. Relatively short Chandra observations
can efficiently constrain AGN populations and cluster mor-
phologies, and measure Lce (all requiring roughly equivalent
exposure time). For clusters that are especially interesting in
their own right, and for a subset where additional mass prox-
ies are used to test the Lce scaling relations, XMM obser-
vations (benefitting from the Chandra constraints on AGN
contamination) can then provide deeper imaging and more
detailed spectroscopy.
In this section, we have focussed on the potential ap-
plication of Lce as a mass proxy for upcoming SZ surveys,
but it can potentially also benefit cosmology with optically
selected cluster samples, such as the Dark Energy Survey.
However, because the bulk of optically selected clusters are
lower in mass than the sample considered in this work, the
first step in this case is to extend the calibration of the Lce–
M relation to somewhat lower masses. In the longer term,
follow-up programs analogous the one described above, but
targeting the much larger sample of fainter clusters discov-
ered by LSST, Euclid and CMB-S4, could be enabled by
upcoming X-ray facilities such as Athena and Lynx.
5 CONCLUSION
We present constraints on the scaling relations of the pro-
jected, center-excised X-ray luminosity, using a large sample
of massive galaxy clusters with X-ray and weak lensing mass
estimates. Our analysis confirms earlier indications that Lce
correlates tightly with mass in the mass and redshift range
probed by our data set (M500 > 3× 10
14M⊙, z 6 0.5), with
an intrinsic scatter of <∼ 15 per cent. We outline a straight-
forward procedure for estimating masses using this scaling
relation, which requires only a cluster redshift, standard ma-
nipulations of X-ray surface brightness measurements, and
the solution of an implicit equation. We comment on the
spatial resolution required to take advantage of Lce as a
mass proxy for particularly high-redshift clusters. This is
especially apt in the context of new X-ray surveys such as
eROSITA, since Lce can be estimated directly from survey
data for many more clusters than more expensive low-scatter
mass proxies such asMgas and temperature, and for upcom-
ing mm-wavelength surveys that will discover large num-
bers of high-redshift clusters. While conventionally Lce has
been measured in an aperture of 0.15–1 r500, the scatter of
center-excised luminosity at fixed mass remains small with
significantly more generous center excisions (e.g. 0.3–1 or
0.5–1 r500), making these observations feasible for telescopes
with HEWs of > 10′′ such as XMM and eROSITA.
The relative inexpensiveness of Lce compared with other
X-ray mass proxies opens up the possibility of following up
large numbers of clusters discovered by upcoming X-ray,
optical and mm-wavelength surveys, with higher redshifts
and/or lower masses than the majority of clusters in current
archival data. From Fisher matrix calculations, we estimate
that order of magnitude improvements in dark energy con-
straints from upcoming cluster catalogs are possible by in-
vesting the equivalent of ∼3–5Ms of Chandra time to follow
up hundreds of clusters, ideally with a comparable invest-
ment by XMM providing deeper exposures for a subset of
targets. On the scale of the next decade, this represents a
significant but reasonable and practical investment; indeed,
our most recent cluster cosmology work, using the most mas-
sive X-ray selected clusters at z < 0.5 (Mantz et al. 2015;
M16), employed almost 10Ms of archival Chandra data, all
of which has also been used in multiple astrophysical studies
(and would be leveraged again in the work described here).
While relatively shallow observations aimed at measuring
Lce do not provide very detailed thermodynamic informa-
tion, they do nevertheless enable a subset of interesting and
important astrophysical investigations, and could be used as
a first pass to identify targets for deeper observations. Look-
ing ahead to the late 2020s and 2030s, a similar strategy
using Athena and Lynx could prove valuable for exploiting
the full astrophysical and cosmological potential of cluster
catalogs from LSST, Euclid and CMB-S4.
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